ABSTRACT: Three stable 1-silapropadienes,1, 6 and 7, were prepared by reactions between fluoroalkynylsilanes bearing bulky substituents on silicon and organolithium reagents. Under acid catalysis 6 underwent intramolecular insertion of the Si=C double bond into an adjoining C-H bond, yielding 15. A different C-H insertion by the Si=C double bond occurred for silapropadiene 7, giving 19.
RESULTS
In 1993 we reported the synthesis of the first stable 1-silapropadiene, 1, obtained by a dehalogenative intramolecular carbometallation-elimination ("DICE") reaction. (Scheme 1) [1, 2] Recently, we have published the synthesis of three 1-silapropadienes, 2-4, [3] and a 1-germapropadiene, 5, [4] by an intermolecular reaction of haloalkynylsilanes with organolithium compounds, as shown in scheme 2. In this paper we return to the original intramolecular DICE reaction, which has been employed to synthesize two new 1-silapropadienes, 6 and 7, bringing the total number of known compounds of this type to six. Also reported here is a description of the synthesis of 1, previously unpublished.
In the intramolecular DICE reactions the carbanion nucleophile, generated from an aryl bromide by lithium-halogen exchange, is tethered to the alkyne in such a manner that it can easily attack the carbon atom β to the silicon atom, but not the silicon atom itself. Biphenylethynyl substituents meet these requirements very well. As an added benefit, the resulting fluorenylidene moiety is held rigidly perpendicular to the R1-Si-R2 plane, in the best position to block dimerization. For added steric protection to the Si=C double bond, biphenyls with substituents in the 3-and 3'-positions were employed. Thus, 2-Bromo-2'-ethynyloctamethylbiphenyl (12) was prepared as shown in scheme 3. Two equivalents of (2,3,4,5-tetramethylphenyl)magnesium bromide [5] were coupled using anhydrous cobalt dichloride in THF to give octamethylbiphenyl 8. Bromination at the 2-position and iodination [6] at the 2'-position gave biphenyls 9 and 10, respectively. Selective alkynylation [7] at the 2'-position then afforded 2-bromo-2'-trimethylsilylethynylbiphenyl 11, whose structure was confirmed by X-ray crystallography. Removal of the trimethylsilyl group gave 12.
Compound 12 was deprotonated with lithium diisopropylamide in THF and coupled with tbutyldifluoro(2,4,6-tri-t-butylphenyl)silane[8] to give fluoroalkynylsilane 13 as a roughly equal mixture of diastereomers in 58% yield (equation 1). The diastereomers could be separated without interconversion by preparative thin-layer chromatography. They each contained a doublet in the ^Si NMR, with shifts of +14.2 and +14.5 ppm, and SiF coupling constants 271 and 270 Hz respectively, and an alkynyl absorption of 2159 cm-1 in the infrared.
Treatment of 13 with 2 equiv. of t-butyllithium at -78° in ether immediately gave a deep blue species, presumably 14 (equation 2), which turned green upon warming, and finally became bright yellow after about one hour at room temperature. Chemical shifts of +48.0 ppm in the 29 Si NMR and +207.4 ppm for the sp carbon in the 13 C NMR were assigned to compound 6, which did not provide crystals suitable for X-ray crystallography.
As expected, because of the high steric hindrance about the silicon atom in 6, intermolecular addition across the silicon-carbon atom does not readily occur. Under acid catalysis, however, 6 underwent rapid insertion of the silicon-carbon double bond into an adjoining C-H bond, so as to form new Si-C and C-H bonds, to give 15 (equation 3). The X-ray crystal structure of 15 is shown in figure 1 . Similar C-H insertion reactions were observed for silaallenes 2 and 3, and evidence presented earlier suggests that the mechanism of these reactions involves protonation of the α-carbon atom to give a highly reactive silylenium species, which inserts into a C-H bond. [3] Under neutral or slightly basic conditions, 6 is much less reactive toward alcohols Samples of 6 exposed to laboratory light (under an Argon atmosphere) slowly acquire a red color on their surface over a period of months, while samples kept in the dark under otherwise identical conditions for comparable periods of time remain yellow. A single red crystal of this product was obtained during an attempted recrystallization of 6 from hexane left unattended on the benchtop for several weeks. The X-ray crystal structure showed it to be 16, the product of net insertion of the Si=C double into a different adjoining C-H bond, with the opposite regioselectivity (equation 4). [9] The X-ray crystal structure of 16 is shown in figure 2 . The five-membered ring formed between the central carbon atom and the adjoining methyl group is highly distorted, with the C(1)-C(2)-C(3) bond angle compressed to 108.1°, and the C(1)-C(2)-C(13) bond angle stretched to 149.5°.
As it became apparent that 6 was too sterically hindered at silicon to perform reactions with external reagents, we decided to decrease the steric bulk of the groups at silicon by replacing the Mes*(t-Bu) ligands with two 2,4,6-tri-isopropylphenyl (Tip) groups. Fluoroalkynylsilane 17 was prepared in a similar manner to 13 by adding bis(2,4,6-tri-isopropylphenyl)difluorosilane[8] to deprotonated 12 in THF and refluxing overnight (equation 5). The starting materials were distilled away and 17 was purified by flash column chromatography. The structure of fluoroalkynylsilane 17 was solved by X-ray crystallography, and is displayed in Figure 3 . The Si-C-C bond angle in 17 is bent to 159.3 , reflecting the severe steric hindrance in this molecule. The ^Si NMR consisted of a doublet, resulting from coupling to the fluorine atom on silicon ( -26.2 ppm. Silaallene 7 was synthesized by treating 17 with 2.2 equiv of t-butyllithium at -78 °C in diethyl ether and allowing the mixture to warm to room temperature overnight (eq 6). Compound 7 did not provide crystals suitable for X-ray crystallographic analysis. Silaallene 7 has a 29 Si NMR chemical shift of +16.2 ppm, similar to that of another bis(2,4,6-tri-isopropylphenyl)-silicon-substituted silaallene, 2 (+13.1 ppm). Compound 7 also has a strongly deshielded central carbon (Si=C=C) 13 C chemical shift of +237.1 ppm, far from the range of typical 13 C shifts, but in the characteristic region for the central (sp-hybridized) carbon in allenes. [19] 1-Silaallene 7 was nearly stable for one month in diethyl ether in a sealed NMR tube (less than 10% of decomposition took place to an unidentifiable compound). When any proton source (including methanol) was added to the solution, however, an unprecedented rearrangement to compound 19 took place, as shown in scheme 4. Presumably, the proton adds to the central carbon, forming highly reactive cationic intermediate 18. The region around the silicon atom is very sterically hindered and does not allow external reagents larger than H+ to enter this area, so the only alternative is for the silicon to insert into a C-H bond of one of the protecting groups, forming a new Si-C bond and liberating H+ from the ligand. Compound 19 was characterized by 1 H and 13 C NMR, mass spectroscopy and X-ray crystallography (figure 4). The M=C double bonds of silaallenes 2-4 and 6, and germaallene 5 [4] all inserted into the C-H bonds of ligands on the silicon or germanium atoms (with the special exception of 6 rearranging photochemically to 16 -equation 4). The Si=C double bond of silaallene 7 inserts instead into one of the ortho methyl C-H bonds of the octamethylfluorenyl moiety on the carbon end of Si=C=C. These C-H bonds should be at least as reactive as the isopropyl C-H bonds in the Tip ligands, so this pathway for deactivation is understandable. It is however remarkable that silapropadiene 6 prefers insertion into a t-butyl C-H, rather than reacting as 7 does with a benzylic
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Scheme 4 methyl C-H. A possible reason for this difference might be that 6 is much more hindered than 7, and hence this molecule cannot bend enough for the silicon to approach the methyl groups. Silaallene 1, described in our earlier communication, is the most highly encumbered of known 1-silapropadienes. The intermediate 2-bromo-2'-ethynylbiphenyl 20 was synthesized in a manner analogous to 12, as shown in scheme 5. Difluorosilane 26 was prepared from (2,4,6-tri-tbutylphenyl)trifluorosilane[8] and adamantyllithium [10] (eq 7). These two components were then coupled in refluxing THF to give 2-bromo-2'-fluorosilylethynylbiphenyl 27 as a mixture of two diastereomers (eq 8). In this case, the diastereomers could not be separated by chromatography, suggesting that they may interconvert at room temperature over a period of hours. However, they showed two distinct singlets in the 29 Si NMR, with chemical shifts of -18.9 ppm and -19.3 ppm, and SiF coupling constants of 272.2 and 271.0 Hz, respectively. No coalescence was observed in the ^Si NMR at temperatures of up to 100°.
Compound 27 was dehalogenated with 2 equiv. of t-BuLi to give 1-silapropadiene 1, characterized by a ^Si chemical shift of +48.4 ppm, and a 13 C chemical shift of +225.7 ppm for the central carbon atom (eq 9). Orange crystals were grown from a concentrated solution of 1 in THF, over which was carefully layered three times the volume of acetonitrile. The X-ray crystal structure of 1, published in our earlier communication, [1] showed a Si=C double bond length of 1.704 A, a C1-C2 double bond length of 1.324 Α., and a Si-C1-C2 bond angle of 173.5°. 
DISCUSSION
In Table 1 are listed the 29 Si and 13 C chemical shifts of the double-bonded silicon and carbon atoms, and the Si=C double bond lengths, where reported, for all the known 1-silapropadienes Data for three previously well-characterized silenes, (Me)2Si=C(SiMe3)SiMe(tBu)2 (28) [13] , Mes2Si=CH(CH2tBu) (29) [14] , and (Me 3 Si) 2 Si=C(2-adamantyl) (30) [15] are included for comparison. The Si=C distance in 2 is exceptionally short, probably reflecting a high s character for the sigma orbital of the allenic carbon atom. The Si=C distance in 1 is longer, with a value similar to that for silene 28, perhaps because the great steric hindrance in 1 forces a slight elongation of the bond.
The ^Si chemical shifts for the 1-silapropadienes fall somewhat upfield of those for typical silenes [12] . The best model compound for the 1-silapropadienes is probably 29, with δ ^Si = +77.6 ppm. The greater silicon shielding in silapropadienes is consistent with theoretical C resonances for the α-carbon atoms in 1-silapropadienes are all highly deshielded, as is typical for the central carbon atoms in allenes. [10] EXPERIMENTAL SECTION General. All melting points are uncorrected. Ή and 13 C NMR were recorded on a Bruker AC-300 spectrometer. 29 Si NMR were measured on a Bruker AM-500 spectrometer. All chemical shifts are reported relative to tetramethylsilane (0 ppm). All 13 C NMR spectra are decoupled, unless stated otherwise. All ^Si NMR spectra were obtained using INEPT pulse sequences. Highresolution electron-impact ionization mass spectrometry was performed on a MS80 Kratos spectrometer. Infrared spectra were obtained on a Mattson Polaris FTIR spectrometer. UVvisible spectroscopy was performed on a Hewlett-Packard 8452 UV-visible spectrophotometer.
X-ray crystal structures were determined on a Siemens P4 diffractometer equipped with a Siemens SMART ccd area detector, using graphite-monochromated Mo Κα radiation. Space groups were determined by systematic absences and statistical tests and verified by refinement. The structures were solved by direct methods and refined by full-matrix least-squares methods on F 2 . Hydrogen positions were initially defined by geometry and refined by a riding model. Non-hydrogen atoms were refined with anisotropic displacement parameters. 50% probability ellipsoids are reported in the Figures. Further details of the crystallography are given in Table 2 . All reactions were run under a slight positive pressure of dry argon or nitrogen, in oven-or flame-dried glassware, equipped with a rubber septum. All reaction solvents were transferred by syringe. Toluene, diethyl ether, and tetrahydrofuran (THF) were freshly distilled from sodium or potassium with benzophenone prior to use. Trimethyl phosphate and anhydrous ethyl alcohol were used as purchased. Solids were either added neat to reaction mixtures under a positive argon or nitrogen flow, or were dissolved in the specified solvent and added by syringe. 1,3,5-Trit-butylbenzene, [18] , 1-bromo-2,4,6-tri-t-butylbenzene, [19] t-butyldifluoro(2,4,6-tri-tbutylphenyl)silane, [8] and 1-bromo-2,3,4,5-tetramethylbenzene [5] were prepared as described in the literature. 1,2,3,4-Tetramethylbenzene (prehnitene) was provided free of charge by the Koch Chemical Company. All other starting materials were purchased commercially.
2,2',3,3 , ,4,4',5,5 , -Octamethylbiphenyl (8). CoCI 2 (6H 2 0) (238 g, 1 mol) was placed in a 2 L, 3-necked round bottomed flask, and heated to 140° under vacuum overnight to remove all traces of water. The flask was fitted with an overhead mechanical stirrer, and THF (400 mL) was added. To a separate, dried, 1 L, 3-necked round bottomed flask, equipped with a large reflux condenser, was added Mg turnings (50 g, 2.06 mol) and THF (250 mL). A solution of 1-bromo-2,3,4,5-tetramethylbenzene [18] (190 g, 892 mmol) in THF (150 mL) was added to the stirred mixture in small portions to maintain a steady rate of reflux. After addition was complete, and the mixture had cooled to room temperature, the Grignard solution was transferred by cannula to the stirred suspension of CoCI 2 , and the Mg turnings were rinsed with additional THF (100 mL), which was also transferred to the CoCI 2 . The resulting greenish-black sludge was filtered through a pad of celite, and rinsed with toluene. The solvents were evaporated, and the solids were dissolved in toluene, washed with water, dried with MgS04, filtered, and concentrated under vacuum. , -octamethylbiphenyl (9). To a solution of 8 (54.0 g, 203 mmol) dissolved in chloroform (400 mL) in a 1 L Schlenk flask, cooled to 0° in an ice bath, and wrapped in aluminum foil to exclude light, was added a solution of bromine (32.0 g, 200 mmol) in chloroform (200 mL). The mixture was stirred and allowed to warm to room temperature overnight, and was then decolorized with aqueous sodium thiosulfate, dried with magnesium sulfate, and concentrated under vacuum. Recrystallization from 2-methoxyethanol gave 9 as a colorless solid (46.9 g, 136 mmol, 67% , ,6,6'-octamethylbiphenyl (11). To a 2 L Schlenk flask equipped with a reflux condenser was added 10 (40.0 g, 84.9 mmol), bis(triphenylphosphine)-palladium(ll) chloride (1.2 g, 1.71 mmol), copper(l) iodide (0.16 g, 0.84 mmol), diethyl amine (250 mL), toluene (550 mL) and trimethylsilylacetylene (16 mL, 115 mmol). The mixture was stirred at 50° for three days, cooled, and filtered through a slab of silica gel (which was further rinsed with toluene). The organic solvents were stripped off under vacuum, and 11 was recrystallized from 2-methoxyethanol as a colorless solid (27.2 g, 61.6 mmol, 73% (13) . To a stirred solution of diisopropylamine (3.2 ml, 23 mmol) in THF (200 mL) at 0 °C was added n-BuLi (1.5 M, 13 mL, 19.5 mmol). The mixture was stirred at 0 °C for 15 min, then neat 12 was added (6.0 g, 16.2 mmol). The mixture was stirred and allowed to warm for 10 min until 12 completely dissolved, then neat t-butyldifluoro(2,4,6-tri-t-butylphenyl)silane [8] was added (7.2 g, 19.5 mmol), and the mixture was refluxed for 11 h. (A few minutes after 12 dissolves, subsequent precipitation is observed, whether or not t-butyldifluoro(2,4,6-tri-tbutylphenyl)silane is added. This material re-dissolves at reflux.) The volatile components were stripped off, and the solids were taken up in toluene and water. The toluene layer was separated, dried, and concentrated to yield 11.9 g of crude product. The remaining quantities of tbutyldifluoro(2,4,6-tri-t-butylphenyl)silane and 12 were removed by vacuum bulb-to-bulb distillation to give 9.55 g of product. Recrystallization from ethanol gave 13 (6.77 g, 9.43 mmol, 58%) as a roughly equal mixture of diastereomers. Quantities of the two diastereomers sufficient for NMR characterization were separated by preparative thin layer chromatography with cyclohexane as eluent. a) Higher Rf diastereomer: Ή NMR (300 MHz, C 6 Si-(2,4,6-tri-t-butylphenyl)-Si-t-butyl-1,2,3,4,5,6,7,8-octamethylfluorene-9-ylidenesilene (6). To a 50 ml Schlenk flask was added 13 (697 mg, 1.31 mmol) and diethyl ether (10.0 mL). The contents of the tube were cooled to -78°, and t-butyllithium was added (1.60 mL, 1.7 M, 2.7 mmol), whereupon the mixture immediately turned a deep violet color. As the flask was warmed to room temperature it turned green, and then bright yellow within an hour. The solvent was removed under vacuum, and the product mixture was taken up in toluene, washed briefly with water, and filtered through a frit to remove the salts. The toluene was removed by evaporation to leave 6 as a yellow oil (619 mg, 1.22 mmol, 93%). The product was purified by recrystallization from hexane under an inert atmosphere to give bright yellow needles which were too thin for crystallographic analysis (470 mg, 0.927 mmol, 71%).
1 H NMR (300 MHz, C 6 D 6 ): 7.48 (s, 2H), 3.00 (s, 6H), 2.27 (s, 6H), 2.18 (s, 6H), 2.13 (s, 6H), 1.60 (s, 18 H), 1.28 (s, 9H), 1.20 (s, 9H). A single crystal of 16 was grown from a solution of 6 dissolved in hexane and exposed to the laboratory light for about 3 months. An x-ray crystal structure was obtained, but upon further handling in the air the crystal decomposed. Photolysis of 6 gave mixtures of products, and attempts to isolate and further characterize 16 were unsuccessful.
2-Bromo-2
, -[bis(2,4,6-tri-isopropylphenyl)fluorosilylethynyl]-3,3 , ,4,4',5,5',6,6'-octamethylbiphenyl (17). A 250 mL pressure-equalized dropping funnel connected to a 3 L 3-necked round-bottomed flask was charged with 1.6 Μ n-BuLi in hexane (57.8 mL, 92.5 mmol, 1.2 equiv). This solution was added dropwise into a stirred solution of i-Pr 2 NH (15.1 mL, 10.9 g, 0.108 mol) in dry THF (500 mL) at 0 °C. This was stirred at 0 °C for 15 min and a solution of 12 (28.37 g, 77.07 mmol) in 2 L of dry THF was added via cannula. The ice bath was removed and the solution was stirred for 30 min, turning from yellow to deep orange.
Neat bis(2,4,6-triisopropylphenyl)difluorosilane [8] (34.65 g, 73.29 mmol, 0.95 equiv) was then added to the solution under positive argon pressure. The mixture was refluxed for 14 h, turning dark red upon reflux and then back to orange after 14 h. The THF was removed by rotary evaporation, and the solid was taken up in toluene and washed with water. The organic layer was dried with MgS0 4 , gravity filtered and the toluene was removed by rotary evaporation. The unreacted starting materials were removed by bulb-to-bulb distillation, leaving a glassy brown solid (crude yield = 55.02 g, 66.9 mmol, 91%). The solid was purified by silica gel flash column chromatography with 1.5% diethyl ether in hexane as the eluent (Rf = 0.63). The colorless solid (11.29 4-Bromo-2,6-diisopropyl-1-methoxybenzene (21). To a 1-liter, 3-necked round bottom flask, wrapped in aluminum foil to exclude light and cooled to 0°, was added 2,6-diisopropyl-1-methoxybenzene (47.8 g, 249 mmol), trimethyl phosphate (180 mL), and carbon tetrachloride (300 mL). The solution was stirred, and then, by addition funnel, was added bromine (50 g, 310 mmol) dissolved in carbon tetrachloride (75 mL). The solution was warmed to room temperature overnight, then decolorized with aqueous sodium thiosulfate. The organic layer was separated, the solvents were evaporated, and 21 was isolated as a colorless oil by fractional vacuum distillation at ca. 0.05 Torr and 80-90° (63.51 g, 245 mmol, 94%). Recrystallization from ethanol at 0° gave 21 as a colorless, low-melting crystalline solid (55.81 g, 206 mmol, 83%). mp : 32-34°. 1 was placed in a 1 L, 3-necked round bottomed flask and dried under vacuum at 120° overnight to a uniform sky blue color. The flask was then fitted with an overhead mechanical stirrer while under a positive nitrogen flow, and THF (400 mL) was added. Into a 500 mL Schlenk flask, equipped with a large reflux condenser and a magnetic stir bar, were placed Mg turnings (7.0 g, 280 mmol), several crystals of iodine, and THF (150 mL). An ice bath which could be quickly placed under the reaction vessel was kept nearby in case the reaction became too exothermic. A solution of 21 (40.24 g, 148.4 mmol) in THF (150 mL) was added dropwise over 30 min, at a sufficient rate to sustain a steady reflux. The solution was stirred for an additional hour, until it had cooled back to room temperature. The Grignard solution was then transferred by cannula into the stirred suspension of dry CoCI 2 , which immediately turned black. The vessel containing the remaining Mg turnings was rinsed with an additional 100 mL THF, which was also transferred by cannula to the reaction mixture. This mixture was stirred for one hour, then filtered through a pad of Celite and rinsed with toluene. The solvents were evaporated, and the crude product was dissolved in toluene, washed with dilute aqueous hydrochloric acid, water, and aqueous solutions of sodium bicarbonate and sodium chloride. The toluene was evaporated, and 22 was isolated as a colorless crystalline solid by fractional vacuum bulb-to-bulb distillation at ca. 2-Bromo-3,3',5,5'-tetraisopropyl-4,4'-dimethoxybiphenyl (23). To a 500 mL Schlenk flask, equipped with a magnetic stir bar and wrapped in aluminum foil, was added 22 (6.99 g, 18.3 mmol), dichloromethane (150 mL), and Br 2 (2.63 g, 16.5 mmol) in dichloromethane (100 mL) by addition funnel. The mixture was stirred at room temperature for 3 days, then decolorized with aqueous sodium thiosulfate. The organic layer was separated, and the dichloromethane was removed by evaporation. Recrystallization from ethyl alcohol gave 23 as a colorless crystalline solid (6.78 g, 14.7 mmol, 80%). mp: 125-127°. 1 2-Bromo-2'-iodo-3,3',5,5'-tetraisopropyl-4,4'-dimethoxybiphenyl (24). Into a 500 mL Schlenk flask equipped with a magnetic stir bar and wrapped in aluminum foil was placed 23 (7.59 g, 16.4 mmol), [bis(trifluoroacetoxy)iodo]benzene (3.55 g, 8.25 mmol), iodine (3.15 g, 8.19 mmol), and chloroform (100 mL). The mixture was stirred at room temperature overnight, and then decolorized with aqueous sodium thiosulfate. The organic layer was separated, the chloroform was evaporated, and the crude product was recrystallized from ethyl alcohol to give 24 as a colorless crystalline solid (9.04 g, 15.4 mmol, 94%). mp: 141-143°. 1 2-Bromo-3,3',5,5'-tetraisopropyl-4,4'-dimethoxy-2'-(trimethylsilylethynyl)biphenyl (25). To a 250 mL Schlenk flask equipped with a magnetic stir bar and a reflux condenser was added 24 (24.35 g, 43.2 mmol), bis(triphenylphosphine)palladium (II) chloride (1.52 g, 2.17 mmol), copper (I) iodide (0.25 g, 1.3 mmol), diethylamine (150 mL), toluene (10 mL), and trimethylsilylacetylene (9.15 ml, 64.7 mmol).
The mixture was stirred at 40° for two days. The precipitate (diethylammonium iodide) was removed by filtration and washed with toluene, the combined organic solvents were evaporated, and 25 was isolated by flash chromatography, using hexane as an eluent, as a thick tan oil (16.79 
